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10.1 The IH 9-gap resonator 
An increased REX-ISOLDE energy of approximately 3 MeV/u allows studies of nuclear reactions up 
to mass A = 85 on deuterium targets. A beam energy above 5 MeV/u would be suitable for masses 
with A > 150. Therefore an energy upgrade of the REX-LINAC in order to increase the maximum 
particle energy at the target has been started. It is foreseen to raise the beam energy in two steps to 
5.4 MeV/u by maintaining the beam quality. 
A schematic of the REX-ISOLDE LINAC for the first upgrade step is shown in Fig. 10.1. In 
order to reach 3.0 MeV/u the simplest solution was to include a 9-gap IH cavity operating at 
202.56 MHz. Owing to the delay of final permission to run FRM II, the prototype for the Munich 
accelerator for Fission Fragments (MAFF) [1], IH 7-gap resonator was modified to an IH 9-gap cavity 
[2]. The resonator has been installed in the REX beam line and it was conditioned successfully to a 
power level of 90 kW. First stable and radioactive beams with A/q = 3.5 have been accelerated to 
3.0 MeV/u [3].  
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Fig. 10.1: Structure of the REX-ISOLDE LINAC of the first upgrade to 3 MeV/u 
 
10.1.1 Modification of a MAFF IH 7-gap resonator 
For the MAFF-LINAC at the Munich High Flux Reactor FRM II, a more efficient 7-gap structure 
compared to the split ring resonators of REX-ISOLDE was required for energy variation. Hence the 7-
gap structure has been designed as an IH structure. Owing to the higher shunt impedance of IH 
structures a higher resonator voltage in combination with a very compact design can be achieved. 
Since the MAFF 7-gap resonator should be used for acceleration as well as for deceleration, the cell 
length was kept constant. Based on the fact that the beam energy at MAFF will be varied between 
3.7 MeV/u and 5.9 MeV/u, a cell length of 74 mm was chosen, which corresponds to a design speed of 
β = 0.1. This resulted in a total length of 518 mm for the seven cells. The inner tank length therefore is 
520 mm and the overall outside length is 646 mm.  
In the first design for the REX 3MeV/u upgrade, it was foreseen to change the MAFF resonator 
from a 7-gap to a 9-gap resonator—keeping a constant cell length, corresponding to 2.5 MeV/u 
synchronous particle energy. Nine gaps were necessary to match the reduced cell length for the lower 
injection energy of 2.2 MeV/u instead of 3.7 MeV/u. Low-level measurements have been carried out 
to determine Q-values and shunt impedance (Table 10.1) of both the 7- and 9-gap set-ups. 
Before installation at REX, the resonator was tested at the Munich tandem accelerator. At a 
high-energy beam line of the MLL a test bench for high power and beam measurements was installed. 
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Here it was possible to obtain momentum spectra of a dc beam at different amplifier power and 
spectra for beam pulses at different phases, using a 70° bending magnet positioned behind the 
resonator tank. The dc-beam spectra from the tandem were used to determine the effective shunt 
impedance.  
Table 10.1: Specifications of the 7- and 9-gap IH cavity 
 7-gap 9-gap 
Cell length [mm] 74 55 
Gap length [mm] 24 22–26 
Drift tube length [mm] 50 32 
Drift tube diameter [mm] 20/26 16/22 
Max. A/q 6.3 4.5 
Synchronous particle ß 0.1 0.073 
Shunt impedance [MΩ/m] 
(low level measurements) 
129 218 
Q (measured) 9800 10 100 
 
A O5+ beam at 2.2, 2.25 and 2.3 MeV/u was used to test the ability of the 9-gap IH structure to 
post-accelerate at power levels from 5 to 70 kW. An energy spectrum is shown for 70 kW RF power 
in Fig. 10.2. The tandem peak has been used for energy calibration. The drift tube structure was 
























Fig. 10.2: Accelerated beam from the 9-gap resonator with equidistant gaps 
The measured effective shunt impedance (Fig. 10.3) shows changes with the RF power level. 
This corresponds to small values of the TTF below 0.8, which is a result of the constant cell length, 
designed for 2.5 MeV/u synchronous particle energy. Therefore a higher injection energy led to higher 
effective shunt impedances also shown in Fig. 10.3. However, the curves definitely show saturation at 
values around 140 MΩ/m, which corresponds to a TTF ≤ 0.8. For that reason the drift tube structure 
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had to be installed according to the βλ/2 velocity profile, otherwise the required energy gain for REX-
ISOLDE would not have been possible.  
 
Fig. 10.3: Effective shunt impedance of the 9-gap resonator for different injection energies 
With MAFIA the gap voltage distribution has been calculated for the constant cell length and 
the adjusted velocity profile (increasing cell length). Taking that distribution shown in Fig. 10.4 into 
account, beam dynamic calculations delivered a TTF of 0.87 and an effective shunt impedance of 
165 MΩ/m, which would be sufficient to reach 3.0 MeV/u at REX-ISOLDE at 90 kW RF power for a 






















Fig. 10.4: Adjustment of the gap voltage distribution 
Table 10.2 shows the final geometry of the 9-gap resonator after changing to a βλ/2 structure 
with a fixed velocity profile. Figure 10.5 shows the power resonator during the installation in the 
REX-ISOLDE beam line. 
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Table 10.2: Specifications of the final version of the 9-gap IH cavity 
 IH 9-gap 
Frequency [MHz] 202.56 
Outer tank length [mm] 676 
Inner tank length [mm] 520 
Half-shell radius [mm] 145 
Cell length [mm] 38.5–58.5 
Gap length [mm] 19–27 
Drift tube length [mm] 32 
Drift tube diameter in./out. [mm] 16/22 
Maximum RF-power [kw] 100 
Duty cycle [%] 10 
Kilpatrick 1.5 
Shunt impedance (pert.) [mΩ/m] 218 
Q0 10 100 
 
Fig. 10.5: Open, 202.56 MHz, IH 9-gap resonator installed at REX 
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10.1.2 Particle dynamics 
To compensate for the RF defocusing in the 9-gap accelerator, a magnetic triplet lens MQT5b was 
added to the bender section, named — following the REX naming scheme — BEN.MQ40 (x-foc.), 
BEN.MQ50 (y-foc.), BENMQ60 (x-foc.). The lens was placed between the resonator and diagnostic 
box 4. Regarding its gradients, apertures etc., it is identical to the triplet (IHS.MQ90, IHS.MQ100, 
IHS.MQ110) behind the IH structure.  
The input for the LORASR simulations was delivered by the original LINAC design 
calculations for the 7-gap resonators, which were verified in detail during the commissioning phase of 
REX-ISOLDE [4]. The main goal of the calculations (after having once fixed the drift tube geometry) 
was to find out to what extent the structure is still energy variable, even if it has a design for a fixed 
input and output energy. Owing to the short length and the small number of gaps as well as the 
relatively high injection energy, one can expect that the beam quality and transmission after the 9-gap 
resonator are much less sensitive to changes in the accelerating voltage than is the case in long IH 
structures at lower energies.  
The design injection energy produced by the 7-gap resonators is 2.25 MeV/u at a phase spread 
of ± 15° (after 1.3 m drift) and at an energy spread of ± 0.45%. Transversely, the beam is injected with 
an emittance of εn,x,y = 1.4 π mm mrad in both planes convergent, whereby only slightly converging 
beams led to the best transmission. Figure 10.6 shows the input and output emittances derived from 
the calculations. Although the drift tube inner diameter had decreased to 16 mm, the acceptance is still 
two times larger than the emittance of a beam, which fills the full RFQ acceptance.  

































Fig. 10.6: Transverse emittances of the 9-gap resonator from LORASR 
To test the energy variation, the resonator voltage was changed in steps according to the 
measurements at different RF-power levels. The spectra in Figure 10.7 show that the transmission as 
well as the energy spread stays in a reasonable range down to an output energy of 2.56 MeV/u. With 
this result (which could be verified during the measurements shown below) the REX accelerator 
becomes continuously energy-variable over a range from 0.8 MeV/u to 3 MeV/u. 
The calculated transit time factors in the fifth gap—which is taken here as a reference—always 
stay between 0.855 and 0.865. The good flexibility in output energy of the accelerator allows a wider 
range of mass-to-charge ratios to be available at energies around 3.0 MeV/u which is only limited by 
the currently maximum available RF power. With an RF power level limited to 90 kW, the maximum 
A/q at 3.0 MeV/u is A/q = 3.5. Thus, during the first runs with radioactive ions, compromises could be 
found, like, for example, accelerating 76Zn20+ ions (A/q = 3.8) at 90 kW to ~2.9 MeV/u. Table 10.3 
shows the calculated parameters of the 9-gap resonator for regular operation at 3 MeV/u and for the 
variable energy. 
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Fig. 10.7: Energy spectra at different acceleration voltages 
 
Table 10.3: Design parameters of the 9-gap IH cavity 
 IH 9-gap 
Input energy [mev/u] 2.2 
Output energy [mev/u] 2.55–3.0 
Energy spread [%] 1.0–1.6 
Phase spread [°] 25 
Transmission [%] 100 
TTF on axis in gap No. 5  
(2.55–3.0 MeV/u) 
0.855–0.866 
Maximum A/q (90 kW) 3.5 
Radial acceptance αx,y,norm [π mm mrad] 1.4 
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From the low-level measurements and LORASR calculations for the IH structure an effective 
shunt impedance of 163 MΩ/m was expected. An energy gain of 0.75 MeV/u requires for ions with 
A/q = 3.5 an effective acceleration voltage of 2.63 MV, which corresponds at the given shunt 
impedance and structure length to an RF power of 85 kW. We therefore performed the tests with a N4+ 
residual gas beam from the REXEBIS. The injected current was in the range of 50 pA in the beginning 
and went down to ~10 pA because of the slits in front of the energy spectrometer, which were used to 
reduce the emittance influence on the energy spectra. Figure 10.8 shows the measured spectra.  

































Fig. 10.8: Energy spectra measured with a A/q = 3.5 beam 
The measured final energies were in good agreement with the calculations. The decrease of the 
beam current at higher energies occurs because the beam transport was optimized for a parallel 
2.25 MeV/u beam through the spectrometer instead of a convergent injection into the 9-gap. With an 
optimized injection and a beam transport scaled to the different energies, the transmission was close to 
100%. 
The energy peaks at lower power levels show a tail towards the low energy side, which might 
be the result of a slightly wrong injection phase. However, the FWHM of the peaks corresponds 
remarkably well to the design calculations.  
Calculating the effective shunt impedance for an effective acceleration voltage of 2.63 MV at 
90 kW gives a value of ηeff = 154 MΩ/m. With an average transit time factor of 0.865 we derive a 
shunt impedance of η = 205 MΩ/m. If the decrease of the shunt impedance at higher power levels due 
to the heating of the resonator is taken into account, this value fits nicely to the η = 218 MΩ/m from 
perturbation measurements.  
10.2 Future developments and upgrades 
10.2.1 REX-ISOLDE LINAC energy upgrade to 5.4 MeV/u 
A major change of the LINAC structure will be required in order to reach energies of 5.4 MeV/u. With 
respect to cost efficiency and available manpower the following upgrade scheme (Fig. 10.9) has been 
proposed: 
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The three 101.28 MHz 7-gap resonators have to be replaced by an additional 1.85 m IH cavity 
at 101.28 MHz, a 202.56 MHz 28-gap structure and finally three IH 7-gap resonators (of which one is 
currently operated as a 9-gap resonator). 
1.2 MeV/u0.3 MeV/u 2.3 MeV/u 4.0 MeV/u 3.1 - 5.4 MeV/u
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Fig. 10.9: Upgrade scenario for REX-ISOLDE for an energy range from 2.3 to 5.4 MeV/u (to be 
compared to Fig. 10.1) 
The new 101.28 MHz IH structure will inject the beam at 2.3 MeV/u into the 28-gap 
202.56 MHz IH structure. The 28-gap cavity will raise the energy to 4 MeV/u which requires 7.65 MV 
effective acceleration voltage for ions with A/q = 4.5. With an effective shunt impedance of 
160 MΩ/m, an RF power of 280 kW would be sufficient giving enough safety margin for stable 
operation.  
With the following three 202.56 MHz 7-gap resonators of the MAFF type, the beam energy can 
be varied now in the range between 3.1–5.4 MeV/u. For energies below 3.1 MeV/u, one of the IH 7-
gap resonators would have to be re-modified to a 9-gap, switching back to the present conditions 
(Fig. 10.1). Because of the simple mechanical design of the small IH cavities, this modification is not 
a big effort and should be possible for a dedicated set of experiments at lower energies.  
The phase matching of the beam from the new 101.28 MHz IH structure towards the 28-gap 
resonator is critical, so a rebuncher cavity must be installed, which would anyway be advantageous for 
injection into the 9-gap (energies below 3.1 MeV/u), furthermore a second rebuncher section would 
allow the installation of a diagnostic box in front of IH3.  
The beam dynamics design of the 28-gap cavity and the beam transport towards the target 
regions is completed. The cavity design of the resonator structure is shown in Fig. 10.10.  
 
Fig. 10.10: Cavity design of the 202.56 MHz, 28-gap IH resonator 
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As pointed out above, the proposed energy upgrade requires production of four new IH cavities. 
On the amplifier side, the situation is much more relaxed. Here the idea is to modify two of the former 
spiral 7-gap amplifiers to 202.56 MHz (for RF supply of two of the new IH 7-gap resonators), and to 
use a spare 1 MW final stage of CERN Linac2 at lower RF power (280 kW) but increased duty cycle 
(~3%–10%, depending on the availability of tubes) for the 28-gap resonator. Table 10.4 shows the RF 
requirements at one glance. 
Table 10.4: RF-requirements for the 5.4 MeV/u upgrade 














1 101.28 1.5 235  50 0.9 4.1 IH 1 
2 101.28 1.85 190  90 1.1 4.8 7-gap1 
3 202.56 1.65 160 280 1.9 8.6 Linac3 
4 202.56 0.5 100  90 0.45 2.1 IH 9-gap 
5 202.56 0.5 100  90 0.45 2.1 7-gap2, mod. 
6 202.56 0.5 100  90 0.45 2.1 7-gap3, mod. 
 
A cost estimation has been worked out for the complete upgrade, listed in Table 10.5. The costs 
are in the range 1.5 M€. Since a lead tunnel and possible rebuncher cavities/amplifiers were not taken 
into account, 2 M€ might be a more realistic value.  
Table 10.5: Cost estimation for the 5.4 MeV/u upgrade (k€) 
 IH2 IH3 IH 7-gap1 IH 7-gap2 IH 7-gap3 Price of 
components 
RF amplifier     0 230 200 200   0   630 
Low level RF modules + 
SIMATIC, crates 
    0   20   20   20   0     60 
Electronics (vacuum, control, 
SIMATIC, pcs, adcs, dacs, 
Profibus) 
    0   20   20   20   0     60 
Vacuum system (valves, 
gauges, pumps) 
  40   40   20   20 10   130 
Tuning plungers, structure   10   15   10   10   5     50 
Resonator tank (material and 
production 
150 150   90   90   0   480 
Copper plating (tank, structure)   15   20   15   15   0     65 
Support stands     5     5     5     5   5     25 
Magnetic lenses+power supply   50   50   50   50   0   200 
Price of the structures 270 550 430 430 20 1700 
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